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ABSTRACT 


Nuclear  magnetic  resonance  (NMR)  was  used  to  measure  the  degree 
of  order  of  water  in  Escherichia  coli  B.  It  was  necessary  to  grow 
the  E.  coli  B  in  a  special  chemically  defined  medium,  which  contained 
very  low  concentrations  of  paramagnetic  ions  (about  10~6  moles  per  liter). 
Complex  media  or  general  chemically  defined  media  gave  bacteria  with 
such  high  paramagnetic  ion  concentrations  that  it  was  difficult  to 
differentiate  between  paramagnetic  ion  broadening  and  water  structure 
broadening  of  the  NMR  water  spectrum.  Using  bacteria  grown  in  the 
special  chemically  defined  medium,  we  showed  that  the  water  in 
E.  coli  B  was  highly  ordered  and  was  very  different  from  "free" 
water  and  from  polywater. 
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STRUCTURE  OF  WATER  IN  ESCHERICHIA  COLI  B* 


Cox1*3  has  shown  that  aerosol  survival  of  Escherichia  coll  B  is  only 
approximately  related  to  water  content  of  the  organism.  Nuclear  magnetic 
resonance  (NMR)  was  used  to  determine  the  structure  of  water  in  the  organism 
at  different  water  contents.  This  technique  has  been  employed  to  determine 
water  structure  with  Nocard ia  asteroides  by  Cerb&i,3  skeletal  muscle  by 
Haz lewood,  Nichols  and  Chamberlain,4  and  muscle  and  brain  by  Cope.6  NMR  is 
suited  to  the  task  because  the  width  of  the  signal  produced  by  water  hydro¬ 
gens  is  dependent  upon  the  motional  freedom  of  the  water  molecules.6'7 
As  mobility  of  the  water  molecules  increases,  line  width  decreases.  In 
the  present  work  the  NMR  spectra  were  obtained  with  a  Varian  A60  spectrometer. 


In  initial  experiments,  Escherichia  colt  B  were  grown  in  a  complex 
tryptone  medium,  using  frozen  inocula.8  The  bacteria  were  harvested  by 
centrifugation  after  16  hours'  growth  at  37  C  and  were  packed  into  the 
bottom  of  an  NMR  tube.  The  NMR  spectra  of  water  in  the  bacteria  showed 
considerable  line  broadening  compared  with  a  control  of  "free"  distilled 
water.  The  position  of  the  peak  was  shifted  to  a  higher  magnetic  field 
strength.  It  waB  thought  possible  that  the  broadening  could  have  been 
caused  by  paramagnetic  ions  in  the  bacteria.  Therefore,  using  atomic 
absorption  spectra,  analyses  were  made  for  Fe,  Mn,  and  Cu  in  the  bacteria. 

The  following  values  were  obtained:  2.5  x  10"^  moles  per  liter  of  Fe, 

7.5  x  10"5  moles  per  liter  of  Mn  and  1  x  10'^  moles  per  liter  of  Cu.  NMR 
spectra  were  then  run  for  solutions  of  these  ions  at  the  above  concentra¬ 
tions.  to++  and  CU++  caused  negligible  effects,  but  Fe+++  caused  appreciable 
line  broadening.  However,  the  broadening  was  less  than  that  for  the 
bacteria  and  no  shift  of  the  peak  to  higher  magnetic  field  strengths 
occurred.  Hence,  E.  co 11  B  grown  in  a  complex  tryptone  medium  were  not 
really  suitable  for  the  present  work.  We  therefore  decided  to  use  the 
chemically  defined  medium  previously  described,9  but  to  omit  the  ferric 
ammonium  citrate  and  treat  the  medium  in  the  manner  described  below. 


It  was  known  that  hard  centrifugation  of  bacteria  grown  in  100  ml  of 
the  chemically  defined  medium  produced  a  pellet  of  approximately  1  ml. 
Assuming  that  the  bacteria  had  accumulated  all  of  the  ion  under  considera¬ 
tion,  then  there  was  an  effective  concentration  of  100-fold.  It  follows 
that,  to  have  bacteria  with  an  ion  content  of  1  x  10  moles  per  liter, 
the  medium  (before  inoculation  and  growth)  must  contain  no  more  than 
1  x  10'  moles  per  liter  of  that  ion.  Analysis  and  calculation  showed 
that  the  concentration  of  Fe  in  the  chemically  defined  medium9  caused 
by  Impurities  in  the  components  would  be  greater  than  1  x  10"6  moles  per 
liter.  Therefore,  the  following  procedure  was  adopted.  To  each  100-ml 
sample  of  chemically  defined  media  was  added  20  ml  of  17.  8-hydroxyqulnollne 
in  chloroform;  the  mixture  was  shaken  for  1  min  in  a  separation  funnel  and 


*  This  report  should  not  be  used  as  a  literature  citation  in  material  to 
be  published  in  the  open  literature.  Readers  Interested  in  referencing 
the  Information  contained  herein  should  contact  the  senior  author  to 
ascertain  when  and  where  it  nay  appear  in  citable  form. 
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the  chloroform  phase  was  removed.  The  process  was  repeated  four  more 
times,  then  the  aqueous  phase  was  shaken  for  1  min  with  20  ml  of  chloroform 
to  extract  the  8-hydroxyquinoline  dissolved  in  the  aqueous  phase.  After 
this  treatment  the  foilwing  were  added  to  give  final  concentrations  of 
1  x  10“'  moles  per  liter:  Cd,  Co,  Cu,  Mo.  Mn,  Ni,  and  Zn.  Fe+++  was  also 
added  at  a  final  concentration  of  2  x  10“°  moles  per  liter.  The  medium 
was  then  autoclaved  to  sterilize  it  and  to  remove  the  chloroform.  After 
the  addition  of  a  very  small  inoculum  and  growth  for  24  hours  at  37  C, 
the  bacteria  were  harvested  by  centrifugation.  Analysis  by  atomic  absorp¬ 
tion  spectroscopy  showed  the  following  ion  contents:  Fe  ■  3.4  x  10“^  moles 
per  liter,  Mn  =  9.8  x  10“^  moles  per  liter,  Cu  ■  3.6  x  10“5  moles  per  liter. 

These  agree  quite  well  with  the  theoretical  values,  assuming  that  the 
bacteria  accumulated  all  of  the  respective  ions.  It  was  established  that 
such  concentrations  of  paramagnetic  ions  had  little  influence  on  the  line 
width  of  the  NMR  spectra  of  water. 

The  NMR  spectrum  of  water  in  E.  coli  B  grown  in  the  above  manner  is 
shown  in  Figure  1,  which  includes  the  NMR  spectra  of  "free"  water  and 
tetramethylsilane  (TMS).  It  is  evident  that  the  NMR  spectra  of  water 
in  E.  coli  B  is  much  broader  than  "free"  water  and  that  it  is  shifted 
upfield.  These  results  indicate  that  the  structure  of  water  in  E.  coll  B 
is  more  ordered  than  that  in  "free"  distilled  water.  It  is  possible  that 
if  E.  coli  B  contained  appreciable  amounts  of  free  radicals,  then  these 
might  have  caused  line  broadening.  However,  it  has  been  shown  that 
Serratia  marcescens10*11  and  E.  coll  Bl8,ls  do  not  contain  detectable 
free  radicals  in  the  dry  state  in  the  absence  of  oxygen,  or  when  wet  even 
in  the  presence  of  oxygen.10*11 

It  was  of  Interest  to  determine  the  NMR  spectrum  of  the  water  contained 
in  the  bacteria  when  the  water  content  of  the  bacteria  was  reduced.  This 
was  achieved  by  freeze-drying  the  bacteria  and  equilibrating  over  sulfuric  \ 

acid  solutions  under  nitrogen  to  prevent  possible  free  radical  formation 
caused  by  the  presence  of  oxygen.  When  equilibrated  with  water  vapor  of 
activity  0.962,  the  water  in  the  bacteria  gave  an  NMR  spectrum  very  like 
that  in  Figure  1,  although  broader.  Reducing  the  water  activity  to  0.852 
(which  corresponds  to  a  region  where  aerosol  survival  is  particularly 
poor1'3*14)  caused  the  NMR  signal  of  the  water  to  become  so  broad  that  it 
could  not  be  differentiated  from  the  background,  even  by  using  a  computer 
of  average  transients.  It  was  established  that  if  the  amount  of  water  in 
the  sample  had  been  "free,"  then  it  would  have  very  readily  been  detected 
by  NMt.  One  of  the  problems  of  these  types  of  experiments  is  that  when  ^ 

the  water  activity  of  the  bacteria  is  reduced,  the  bacteria  shrink.  It 
is  extreswly  difficult  to  allow  for  this  effect  and  for  the  reduction  of 
water  activity  in  terms  of  the  activity  of  the  paramagnetic  ions,  and  hence 
their  contribution  to  line  broadening.  It  is  suggested,  however,  that  this 
contribution  would  net  be  sufficient  to  cause  the  observed  results,  because 
the  Mflt  spectrum  of  2.5  x  10’2  moles  per  liter  of  Fe  is  not  as  broad  as 
that  for  the  bacteria  at  a  water  activity  of  1.0. 
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Pertinent  to  this  study  was  an  examination  for  polywater15  in  E.  coli  B, 
since  the  NMR  spectrum  of  polywater  was  known.  Polywater  produces  a  broad 
NMR  signal  about  300  He  downfield  from  normal  "free"  water.18*  The  NMR 
signal  of  the  water  in  E.  coli  B  was  examined  in  this  region,  but  no  signal 
due  to  polywater  could  be  detected  even  by  using  a  computer  of  average 
transients.  Hence,  either  E.  coli  B  does  not  contain  polywater  in  any 
appreciable  quantity  or,  if  it  does,  it  is  even  more  ordered  than  "free" 
polywater,  so  that  the  NMR  signal  cannot  be  differentiated  from  background, 
even  with  a  computer  of  average  transients.  In  any  case,  the  data  do  show 
that  E.  coll  B  contains  ordered  water  that  is  different  from  polywater  and 
from  "free"  water.  The  data  also  suggest  that  the  water  in  E.  coli  B 
becomes  more  ordered  as  its  activity  decreases.  Such  a  result  agrees  with 
sorption  isotherm  data. 


\ 


*  Page,  T. ;  Jacobsen,  R. ;  Lippincott,  E.R.  1969.  Personal  coonunicat ion 
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Nuclear  magnetic  resonance  (NMR)  was  used  to  measure  the  degree 
of  order  of  water  in  Escherichia  coll  B.  It  was  necessary  to  grow 
the  E,  coll  B  in  a  special  chemically  defined  medium,  which  contained 
very  low  concentrations  of  paramagnetic  ions,  (about  10"6  moles  per 
liter).  Complex  media  or  general  chemically  defined  media  gave 
bacteria  with  such  high  paramagnetic  ion  concentrations  that  it  was 
difficult  to  differentiate  between  paramagnetic  ion  broadening  and 
water  structure  broadening  of  the  NMR  water  spectrum.  Using  bacteria 
grown  in  the  special  chemically  defined  medium,  we  showed  that  the 
water  in  E.  coll  B  was  highly  ordered  and  was  very  different  from 
"free"  water  and  from  polywater. 
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